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TITLE OF INVENTION 

HIGH-SPEED LOW-POWER CAM-BASED SEARCH ENGINE 

CROSS-REFERENCE TO RELATED APPLICATIONS 
Not Applicable 

FEDERALLY SPONSORED RESEARCH 
Not Applicable 

SEQUENCE LISTING OR PROGRAM 
Not Applicable 

BACKGROUND OF THE INVENTION 



Field of Invention 

This invention relates generally to single dimensional search engines which could be used 
electronic routers and switches. 
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Discussion of Prior Art. 

One of the most important applications for this invention is to perform address lookups in 
routers. A router is an electronic device that has several input and output ports. It receives data 
packets with destination addresses on each of these ports. The lookup function involves looking 
up these destination addresses in a table called a lookup table to determine which output port 
this particular data packet should be sent to, so that it gets to it's destination most efficiently. 
The router then sends the packet out of the output port determined by this lookup. 

One method of doing this is to build a list of all the possible destinations and the best port to 
send a packet out of to reach each destination. Then each destination address can be searched in 
this table and the best outgoing port can be determined. However, in large networks like the 
internet the number of such destinations is so large that such a table becomes too large to be 
implemented in each routers. Another consideration is the maintenance of this table. Now each 
time a new destination is added to the network each router in the network has to be informed of 
this. This is very cumbersome for large networks. 

Hence, to solve this problem, a prefix based lookup scheme is used to carry out routing in 
modern internet routers. The idea here is that the network is arranged in a hierarchical fashion 
and the addresses are allocated accordingly, somewhat similar to a postal address. For example 
take an imaginary postal address like 123, Some Street, Someville, Somestate, US. The zip code 
has been dropped to make the postal example more analogous. Thus, a letter with this address 
posted from anywhere in the world would first be sent to US. Next, the US postal system will 
direct the letter to Somestate, from where it will go to the city Someville and so on and so forth. 
Thus, this system eliminates the requirement for every post office in the world to have knowledge 
of where 123, Some Street is and how to deliver a letter to that address. Similarly prefixes allow 
the aggregation of entire sub-networks under one entry in the lookup table. 

However, there are special cases that need to be taken care of. Again falling back on the 
postal system analogy, from some places in Canada it is more efficient to send a letter to Alaska 
directly there rather than sending it first to the mainland US postal system. Thus, these Cana- 
dian postal offices would have a letter routing rule book that has two entries: send letters 
addressed to US to the mainland US postal system, send letter addressed to Alaska, US to the 
Alaska postal system. Here clearly the second rule has higher precedence over the first one. This 
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can be expressed as longest prefix matching. Thus, one should use the rule with the longest or 
most specific prefix for routing decisions. Similarly, in routers the longer prefix has a higher pri- 
ority than a shorter prefix. This is the basic concept behind CIDR ( Classless Inter-Domain Rout- 
ing) which is used in routers. 

Even though this concept cuts down on the number of entries that need to be maintained in 
the routing table, nevertheless the number of entries in the routing tables of routers in the back- 
bone of the internet are large at around 100,000 today. To provide for adequate margin for 
growth during the lifetime of these routers, currently routers are shipped with the ability to sup- 
port one million entries. Today these address are 32 bit long ( under a scheme called IPv4) but as 
the stock of available address are depleted, 128 bit long address (IPv6) are coming into use. 

Another factor that is making this task difficult is that the speed of the links connecting these 
routers is growing with rapid advances in technology. The state of the art optical fiber links 
today can run at 10 Gbps (called OC-192). Considering that minimum sized (40 bytes) data 
packet are sent over links of this capacity a lookup speed of slightly over 30 million lookups per 
second is required. Systems currently in development will support link speeds of 40 Gbps (OC- 
768) requiring a lookup speed of over 120 million lookups per second. This lookup speed is 
required for each link to a router. A router may have several links connected to it. Thus, overall 
the problem is to search for the longest prefix match for each address among a million prefixes 
at the speed of several hundred lookups per second. Using just prior art this is a daunting prob- 
lem. The parameters of interest are power consumption, number of chips required to store and 
search the table and the chip area of these chips, latency of search, and the rate at which the 
search can be performed. 

An example of a lookup table used for forwarding is shown in FIG 1. Each entry in this table 
is 32 bits wide. The first column contain the prefix with the prefix length after the 7\ Each 32 
bit address is grouped into four decimal numbers each representing 8 bits. The four decimal 
numbers are separated by a decimal point. For example the 32 bit long address 1010 1011 0011 
0110 0010 0000 0001 0101 is 171.54.32.21 in this format. 

Using these conventions, the entry, 171.54.32.0/24, refers to the range of addresses from 
171.54.32.0 to 171.54.32.255. Hence, the first 24 bits are defined while the last 8 bits are "don't 
care " bits. Another representation for the prefixes would be 17L54.32.X, where the X stands for 
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"don't care". The outgoing port is in the next column. An incoming address can match multiple 
entries. In this case the entry with the longest prefix is chosen as the best match if a CIDR algo- 
rithm is desired. For example the word 171.54.32.123 matches two entries from the table in FIG 
1, namely 171.54.0.0/16 and 171.54.32.0/24. However since 171.54.32.0/24 is a longer prefix 
than 171.54.0.0/16, the best match is 171.54.32.0/24. Another method of establishing priority 
would be to actually specify the priority for each entry. 

An alternate way to represent this table is shown in FIG. 2. Here each prefix is represented 
as a range along a number line (shown at the bottom of the figure). Since we are dealing with 32 
bit prefix entries in this example, this number line extends from 0.0.0.0 to 255.255.255.255. 
Each prefix is a contiguous range on this number line. The prefixes from the table in FIG. 1 are 
shown on this number line. Note that the longer prefixes represent shorter ranges on this number 
line. If a longest prefix match is desired, then the first range that matches the address to be 
looked up going from top to bottom in FIG 2 is the best match. 

There are two general approaches to solving this problem. The first is to use a general CAM 
(Content Addressable Memory) to store and search the entire lookup table. Each CAM cells con- 
tains two memory elements to store three states (1,0,X or don't care) and comparison circuitry to 
compare the destination IP address to the stored entry. This approach results in large silicon 
area as well as large power consumption as every entry is searched. 

The second approach is to store the lookup table as some data structure in conventional 
memory. For example see U.S. patent 6,011,795. This data structure is designed to allow effi- 
cient lookup using a particular algorithm. A specially designed integrated circuit is used to per- 
form the lookup on this memory. While the power in this scheme can be low, it suffers from 
several drawbacks. Any data structure involves a lot of wastage due to either empty entries or 
pointers used to navigate the structure. The factor of real prefix data to memory used is 3-4 at 
best and can be as bad as 64. Secondly to run this lookup at a high speed, each level of this data 
structure has to be pipelined. This puts a large I/O requirement on the system. Which is difficult 
if not impossible to meet as the number of lookups required exceed 100 Million lookups per sec- 
ond. Hence current techniques are expensive and have unmanageable amount of worst-case 
power and I/O requirements. Another disadvantage is that the latency of these solutions can be 
large and also the worst-case latency may be much larger than the average case latency. This 
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large and possibly uncertain search latency requires larger and more complex buffering of the 
data packets. 

Objects and Advantages 

Accordingly to address the deficiencies of prior art several objects and advantages of the 
present invention are: 

(a) It does not suffer from the high power requirements of usual CAM implementations 
allowing the use of cheaper packaging and higher density reducing the chip count. Power 
does not scale with increasing table size, unlike conventional implementations. 

(b) It allows the use of a binary CAM structure in place of a ternary CAM (which can store 
don't cares) giving higher table entries per chip. 

(c) It has low latency which is beneficial to applications like real time voice and video 
transmission 

(d) It can support a high lookup rate allowing the routing of a large amount of traffic 

(e) It allows several chips to be operated in parallel with ease, to support large lookup table 
sizes as there is no communication required between chips to decide the best match 
Further objects and advantages are to have a solution which is easy to design. Still further 

objects and advantages will become apparent form a consideration of the ensuing description 
and drawings. 

BRIEF SUMMARY OF THE INVENTION 

This invention provides a method and system an ASIC (Application Specific Integrated Cir- 
cuit) with several CAM arrays to perform a single-dimensional prefix search on the prefixes 
stored in the said array such that as few as one CAM array is activate at a time. Each of these 
arrays are surrounded by special logic that activates only the necessary CAM array. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

List of Figures 

FIG. 1 shows an example of a forwarding lookup table with one dimensional prefixes. 
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FIG. 2 shows the representation of a one dimensional lookup table as ranges along a number 
line going from 0.0.0.0 to 255.255.255.255. 

FIG. 3 shows the concept of dividing the lookup table into different subgroups depending on 
the location along the number line. 

FIG. 4 Chip-level architecture of the preferred embodiment 

FIG. 5 Schematic of one possible implementation of comparing circuitry in one cell of the 
Content Comparing Memory 

FIG 6 Schematic of another possible implementation of comparing circuitry in one cell of 
the Content Comparing Memory 

FIG. 7 Schematic of preferred embodiment of one complete cell of the Content Comparing 
Memory 



DETAILED DESCRIPTION OF THE INVENTION 
Preferred Embodiment 

In this section of the application, a preferred embodiment of the invention is described with 
regard to process steps and data structures. Those skilled in the art would recognize, after 
perusal of this application, that embodiments of the invention can be implemented using cir- 
cuitry or other structures adapted to particular process steps and data structures, and that imple- 
mentation of the process steps and data structures described herein would not require undue 
experimentation or further invention. 

Although preferred embodiments are disclosed herein, many variations are possible which 
remain in the concept, scope and spirit of the invention, and these variations would be clear to 
those skilled in the art after perusal of this application. 

The basic idea behind this invention is to divide the table of prefixes into smaller subgroups. 
This allows this invention to save on power and implementation area requirement as compared 
to prior art. To aid in understanding this invention, first the method of dividing a large table of 
prefixes into smaller subgroups will be described. Next the hardware to store, identify and 
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search the correct subgroup will be described. 

Basic Theoretical Concept 

Searching entries takes power roughly proportional to the number of entries that need to be 
searched. This scheme saves power by searching only a few entries out of the entire table. The 
way the table is divided is shown in FIG. 3. Depending on the technology, chip size and table 
size, several chips may be required to save and search the entire table. Hence, the first division is 
between chips. Each chip contains entries from only a certain range of the address space. Entries 
that cross this boundary are put in both chips. Thus depending on the range in which the address 
to be matched falls, only one chip needs to be searched for it. 

Within each chip the entries are divided into several packs. These packs will be referred to as 
banks. Each of these banks shares a mask entry, which stores the information on the significant 
bits in the prefix. This allows the entries to be stored in smaller binary CAMs instead of ternary 
CAMs, which are otherwise required. Since, each bank contains entries of the same length the 
entries cannot overlap with each other. Thus, each address will get at the most one match. This 
eliminates the need to have a priority encoder within each bank to resolve multiple matches. For 
these reasons the second division is based on prefix length. 

The third division is from bank to bank. Depending on the number of entries in each prefix 
length on each chip several banks may be required to store these entries. Each bank contains 
entries contained in a particular address range. Each address lookup needs to only activate one 
of these banks per prefix length, further reducing the power requirement. A priority encoder is 
required between banks to determine which was the longest prefix match among the matches 
from different prefix lengths. 

Note that depending on the specific application, technology used and table size, the number, 
order or type of this division can be changed to obtain the optimal design 

Hardware Description and Operation of Invention 

. FIG. 4 shows the schematic of the implementation. Each thick solid line represents a flip- 
flop. Thus, the regions between flip-flops of the same color lie in the same clock domain. The 
functioning of this schematic will be explained by going through a lookup (an address) and add/ 
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delete prefix cycle. 
Lookup: 

A particular interface is assumed here for the sake of discussion. In a cycle in which there is 
an address to be looked up, the address is put on the in_addr bus, the packet ID is put on the 
in_pkt_id bus and in_valid is asserted. Next this address has to go through the first check to 
find out if it is in the same range as the address in this chip. This is the search on the first divi- 
sion. This search is done by the use of CCM (Content Comparing Memory). In this implementa- 
tion, without loss of generality, CCM is used to compare the incoming data to that in the 
memory and computes if it is greater than or equal to the one in the memory. A possible imple- 
mentation of the CCM is presented in the next sections. 

So, in the next cycle the incoming address is compared against two CCMs to check if it is in 
the right range. The CCM contain the maximum and minimum of the range of address contained 
in that chip. Chips that do not have addresses in the right range do not have to do any further 
work on this address saving power. The chips that does match now passes on the address to the 
CAM banks in the next cycle. 

Now, as mentioned before each of these CAM banks contain entries with the same prefix 
length. This prefix length is encoded in the mask present in each bank. The data in the mask 
decides which bits of the incoming address will be compared with the entries in the bank. Each 
CAM bank also contains a CCM. This CCM stores and compares the least possible address that 
will match the entries in the table with the incoming address. If the incoming address is found to 
be greater than or equal to the data in the CCM but less than (i.e. not greater than or equal to) the 
one in the next bank which contains addresses of the same prefix length, then and only then the 
incoming address is passed to the rest of the CAM bank for comparison. This requires CAM 
banks with prefixes of the same length to be placed next to each other and the addresses to be 
sorted between the banks. Note that the addresses within a bank need not be sorted as only one 
match can be made for entries of same prefix length. The last in a chain of CAM banks with 
same prefix length should not compare the incoming address with the next CAM bank (as that 
contains prefixes of different length). This is achieved by introducing the last bit. So for the last 
CAM bank in a chain (which has the last bit set) comparison is carried out only with one CCM. 

In the next cycle the comparison within each CAM bank that matched (at the most one per 
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prefix length) is carried out. The circuit operation and design of these CAM cells is detailed in 
the following sections and hence, will not be covered here. It is sufficient to say here that each 
row of CAM cells (which contain one entry) have an associated memory row (e.g. SRAM) con- 
taining the tag (which could be the port address that the packet needs to leave the router by). If a 
match is found between the incoming address and one of entries in the bank, corresponding tag 
is outputted and a hit line is asserted. 

In the next cycle the priority encoder decides which of the CAM banks has got the longest 
prefix match. Again, the workings of the priority encoder are explained in detail in the following 
sections. The priority encoder decides the CAM banks with the highest priority and lets it output 
its tag (which is the longest prefix match) onto the out_port bus. 

Update: 

This section shall detail how the data structure is maintained. A processor that maintains the 
update engine gives the update commands. To allow lookups to take place without being held up 
by updates, each update command maintains the data structure intact. This requires all the 
CCMs and CAMs at various levels to be updated in one pipelined operation (so as to leave the 
data structure ready to do a lookup in the next cycle). This means that each update is one clock 
cycle long and updates each section as it travels down the pipeline. The lookup operation can 
resume after the clock cycle in which the update is introduced to the pipeline. 

To add a new entry to a chip, the entry is placed on the in_addr bus and the corresponding 
tag is placed on the in_port bus and the packet_update is asserted. The bank address that this 
update is directed to is put on the update_blk_addr bus, while the row number within this bank is 
put on the update_cam_addr bus. Now, this addition might change the data structure, so as to 
require the modification of the following CCMs: 

• Bank CCM: If the entry is the smallest in that bank, the CCM content has to be updated. 
The update_ccm bus is asserted which ensures this. Note that the in_addr should contain the 
smallest address that matches the new entry. The mask in the CAM bank will ensure that the rel- 
evant bits are ignored during lookup. 

• Lo_CCM: This contains the lowest address than can get a match on this chip. Thus, if the 
incoming entry is the smallest in the chip, the update_lo_ccm is asserted. Again the in_addr bus 
should contain the smallest address that matches the new entry. 
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• Hi_CCM: This contains the highest address that can get a match on this chip. Thus, if the 
incoming entry is the largest in the chip, the update_hi_ccm is asserted. In this case the in_addr 
bus should contain the largest address that matches the new entry. Note that this update will 
never require the concurrent updating of the bank CCM. So, putting the largest address on the 
in_addr bus will not cause a problem. 

A delete is similar to an add, except that the entry is set to a special value that will never 
match a valid incoming address 

CCM Design: Since we have a large number of CCM also, we had to come up with a com- 
pact structure for this memory. We observed that for comparing our IP address with the CCM 
content, we can subtract these 2 numbers and see if the result is a negative number or not. In 
logic terms, this means that we have to 2's complement one of our numbers and add them 
together. If the overall addition result is positive (i.e. the extra bit for 2's complement is 1) there 
would be a carry generated, otherwise there would be no carry. We used a carry-chain architec- 
ture to implement our CCM. 

It is not desirable to do a 2's complement operation on the IP number for each lookup. One 
solution is doing the 2*s complement operation on the CCM content when it is stored during an 
update. Another solution is storing the original CCM content, but do the carry chain logic opera- 
tions on the inverse of the stored value. In this case there should be a carry input to the carry 
chain. Since 2's complement of a binary number is equal to bitwise inverse of that number plus 
1, the end result will be the same as the first solution. 

Effectively the CCM content is subtracted from the IP number each time and a carry is gen- 
erated if the IP number is Greater than or Equal to CCM content. Two possible implementations 
are shown in FIG. 5 and FIG. 6 correspond to first and second solutions respectively. In both 
cases transistor Ml can be connected either to Vdd (done in FIG. 5 implementation) or to bitline 
(FIG. 6). Connection to bitline may make the overall cell size smaller. Of course there could be 
other implementations for generating the inputs to the series and parallel carry chain transistors. 

Description and Operation of Alternative Embodiments. 

Although preferred embodiments are disclosed herein, many variations are possible which 
remain in the concept, scope and spirit of the invention, and these variations would be clear to 
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those skilled in the art after perusal of this application. 

(a) We are not limited to SRAM for implementing our CAM and CCM cells. Any kind of 
memory cell including DRAM can be used as the storage element (circuitry/device). 

(b) In this implementation CCMs were used for doing the 'greater than or equal to' operation. 
In general CCMs can be used for any comparison operation. 

(c) The word length for CAMs and CCMs does not have to be 32 bits. The same ideas 
explained in this report works for any arbitrary word length. 

(d) The CAM bank size can be chosen arbitrarily. 

(e) We had 3 levels of pre-classification in this implementation, out of which 2 of them where 
in the address space. The number of levels of pre-classification is not central to our idea and 
can be chosen as appropriate for the particular application. 

(f) By providing multiple matchlines for each storage element in our CAMs, we can perform 
several lookups in parallel and further speed up our search. 



